We report the measurement of the γp → K + Λ and γp → K + Σ 0 reactions at SPring-8. The differential cross sections and photon-beam asymmetries are measured at forward K + production angles using linearly polarized tagged-photon beams in the range of Eγ = 1.5-3.0 GeV. With increasing photon energy, the cross sections for both γp → K + Λ and γp → K + Σ 0 reactions decrease slowly. Distinct narrow structures in the production cross section have not been found at Eγ = 1.5-3.0 GeV. The forward peaking in the angular distributions of cross sections, a characteristic feature of t-channel exchange, is observed for the production of Λ in the whole observed energy range. A lack of similar feature for Σ 0 production reflects a less dominant role of t-channel contribution in this channel. The photon-beam asymmetries remain positive for both reactions, suggesting the dominance of K * exchange in the t channel. These asymmetries increase gradually with the photon energy, and have a maximum value of +0.6 for both reactions. Comparison with theoretical predictions based on the Regge trajectory in the t channel and the contributions of nucleon resonances indicates the major role of t-channel contributions as well as non-negligible effects of nucleon resonances in accounting for the reaction mechanism of hyperon photoproduction in this photon energy regime.
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I. INTRODUCTION
A quantitative understanding of hadronic interactions at low energies has been a long-time challenge. There exist serious difficulties in deriving hadronic interactions from the firstprinciple QCD because of its intrinsic nonperturbative property in the low-energy regime. Instead, an alternative approach is the usage of effective theory where the effective Lagrangian is constructed as a sum of all tree-level Feynman diagrams in the s-, t-and u-channel exchanges of possible hadrons in their ground and excited states. Through the comparison of the predictions with the experimental results of the differential production cross sections and polarization observables over a wide-range of hadronic reactions using a variety of beams and targets, the hadronic degrees of freedom involved are explored. Recent progress is summarized in Refs. [1, 2] . Nevertheless, the identified baryon resonances in the experiments and lattice QCD calculations [3] are significantly fewer than what have been predicted by the constituent quark model. More experimental and theoretical effort is required to shed light on this "missing" resonance problem [4] .
The process of hyperon (Y ) photoproduction has been studied for exploring the nucleon resonances which couple more strongly to KY than to πN . Furthermore, the isospin structure of KY final states filters out some possible intermediate states of nucleon resonances. For example, because of the different isospin (I) properties of Λ (I = 0) and Σ 0 (I = 1), only I = 1/2 N * intermediate states could couple to K + Λ while both I = 1/2 N * and I = 3/2 ∆ * intermediate states are allowed for K + Σ 0 production. At E γ > 2 GeV, above the resonance region, the t-channel exchange of strange mesons like K, K * , and K 1 is expected to play an important role at forward angles. The coupling strength of the exchanged strange mesons with the groundstate nucleon can be determined from their t-channel contributions. Measurements of the photon-beam asymmetry help to further define the hadron photoproduction mechanism because of the extreme sensitivity to the model parameters and the presence of resonances. For example, the measurements of the photon-beam asymmetries provide unique information to constrain the possible t-channel exchanges. A photon-beam asymmetry close to −1 is expected for the case of dominating unnatural parity exchange of K or K 1 whereas the dominance of natural parity K * exchange leads to a photon-beam asymmetry of +1.
For the photoproduction of ground-state hyperons Λ and Σ 0 off protons, the measurements of differential cross sections and various polarization observables of γp → K + Λ and K + Σ 0 from threshold up to the photon beam energy E γ = 16 GeV have been done by SLAC [5, 6] , SAPHIR [7, 8] , LEPS [9] [10] [11] [12] , CLAS [13] [14] [15] , GRAAL [16, 17] , and Crystal Ball [18] experiments. A clear resonance structure in the production cross sections around a center-of-mass energy √ s = 1.9-1.96 GeV was observed in the K + Λ channel [7, 8, 10, 13, 14] , and small enhancement was found at √ s = 2.05 GeV at forward angles in the K + Σ 0 channel [7, 8, 10, 13, 15] . The photon-beam asymmetries for both channels were seen to be positive, and that of K + Σ 0 production was in general the larger one of the two. In addition, similar reaction channels for γn → K + Σ − and γp → K 0 Σ + have also been identified experimentally [12, [19] [20] [21] [22] [23] [24] . Several theoretical analyses have been performed. A common approach is the single-or coupled-channel isobar models, e.g., Kaon-MAID (KMAID) [25] [26] [27] [28] . In general, a great amount of parameters are required in modeling of all possible s-, t-, and u-channel Feynman diagrams. This introduces difficulties in determining such parameters reliably from a limited number of data points available.
On the other hand, Regge theory is well known, with an elegant formalism in modeling high-spin and high-mass particle exchange at large s and small |t| or |u|. It is very successful in describing the diffractive production at high energies. The applicability of Regge theory in the low-energy regime is, however, controversial. Recently, people started to adopt Regge theory for modeling the t-channel contribution in an effective theory by replacing the usual pole-like Feynman propagator with a corresponding Regge propagator. The number of free parameters was significantly reduced. In Ref. [29] , it was found that the photoproduction of Λ and Σ 0 for E γ = 5-16 GeV could be well described by a modified t-channel exchange of K and K * Regge trajectories, together with a corresponding modification of the s-channel nucleon pole contribution. Later, the same approach was successfully extended to describe the data in the energy region down to E γ = 2 GeV [30] . Therefore, it becomes a popular approach to use K and K * Regge trajectories in modeling the t-channel contributions in hyperon photoproduction.
In the Bonn-Gatchina (BG) model [31] [32] [33] [34] [35] , the strength of Regge theory t-channel terms is determined simultaneously with the resonance contributions in s channels through the data fitting. In contrast, the Regge-plus-resonance (RPR) model [36] [37] [38] treats the t channel as a background and fixes its contribution in advance by high-energy data at forward production angles [37, 38] , where a forward-peaking behavior in the angular distributions is clearly observed. The resonance contributions in s channels are then added for extrapolation to the resonance regions. Through these studies, the evidence of a number of nucleon resonances contributing to hyperon photoproduction has been reported [27, 33, 38, 39] , e.g. S 11 (1650), P 11 (1710), P 13 (1720) and D 13 (1900) for N * , and S 31 (1900), P 31 (1910), D 33 (1700) and P 33 (1920) for ∆ * . In the present work, we report on the measurement of the differential cross sections and photon-beam asymmetries in the energy region of E γ = 1.5-3.0 GeV at very forward angles. The new results fill the gap at E γ = 2.5-6.0 GeV in the existing measurements, providing a strong constraint in modeling Regge trajectories in the t channel at lower energies, and helping to pin down the contributions of heavier nucleon resonances in the transition region. The present paper is outlined as follows. In Sec. II, the experimental setup and the analysis methods are introduced. The results and a comparison with the theoretical predictions are presented in Sec. III. A summary is given in Sec. IV.
II. EXPERIMENT AND DATA ANALYSIS
The experiment was carried out in the laser electron photon beamline at SPring-8 (LEPS) facility in Japan. The photon beam was generated by the laser backscattering technique using a deep-UV laser with a wavelength of 257 nm [40] . The energy range of the tagged photon beams is 1.5-3.0 GeV, corresponding to √ s = 1.92-2.53 GeV. The degree of linear polarization for the tagged photon beams is 88% at E γ = 3.0 GeV, and drops down to 28% at E γ = 1.5 GeV.
The photon beam was incident on a liquid hydrogen target with an effective length of 16 cm. Charged particles produced at the target were detected by the LEPS spectrometer in the very forward direction; the angular coverage is about ±0.4 and ±0.2 rad in the horizontal and vertical directions, respectively. The spectrometer consisted of a dipole magnet, 
a silicon vertex detector, and three drift chambers. A time of flight (TOF) measurement for charged particles was done using a start counter (SC) scintillator 5 cm downstream of the target together with the TOF wall, an array of scintillator bars placed 4 m downstream of the target. At the end of the beam pipe, an upstream veto (UPveto) counter made by a plastic scintillator to eliminate the e + e − background events has been installed. The event trigger was a coincidence of the tagger, UPveto, SC, and TOF wall. Since the data set was originally collected for detecting K * 0 decaying to high-momentum K + and π − [41] , the regular spectrometer setup was slightly modified. We removed the Aerogel Cherenkov counter, which had been placed immediately after the target in earlier experiments to reject high-momentum electrons, positrons, and pions at the trigger level. The signal from a plastic scintillation counter placed downstream of the drift chambers was used to veto e + e − pairs produced from photon conversion. For further details concerning the detector configuration and the quality of particle identification, refer to Refs. [10, 42] .
Particle identification (PID) of the charged particles was done by a 3σ cut on their reconstructed masses based on the measured TOF, momentum and path length, where σ is the momentum-dependent mass resolution. Pions and kaons were well separated in the momenta region lower than 1.0 GeV/c. To ensure good PID by removing K + decay-in-flight, an extrapolation of the hit position (using the Runge-Kutta method) from the drift chamber to the TOF wall was applied. We required the extrapolated vertical hit position to be within 8 cm of the estimated one based on the time difference of TOF readout from both ends of the fired scintillator bar. For the horizontal hit position, the difference of the channel number of the extrapolated TOF slat and the fired one was required to be less than 2.
With the cuts of an identified K + within 3σ mass resolution, a minimum mass of 0.4 GeV/c 2 , and a vertex position on the liquid hydrogen target, the missing mass spectrum for the reaction Fig. 1 where the K + Λ and K + Σ 0 events are clearly observed as well as the production of higher hyperon resonances such as Σ 0 (1385)/Λ(1405) and Λ(1520). The numbers of K + Λ and K + Σ 0 events are about 2.6 × 10 4 and 1.8 × 10 4 , respectively. Compared to the previous LEPS experiment [10] , the background level under the Λ and Σ 0 peaks in the missing mass spectrum MM X (γp, K + ) was enhanced in the current study. This is due to the removal of the Aerogel Cherenkov counter as mentioned above, and there happened to be contamination of pions in the selected K + with momentum higher than 1.0 GeV/c. The degree of pion contamination in the selected kaons increased for particles of larger momenta. Therefore, the fraction of background in the missing mass spectra was enhanced at larger E γ and at smaller kaon production angles.
We used a side-band subtraction for eliminating background events caused by the misidentified π + . A side-band sample was chosen by using π + events lying outside of the K + mass region in the same bin of track momentum (| P |), photon energy (E γ ), and production angle (cos θ
). Using the momentum information of π + particles in the side-band sample, the background template in MM X (γp, K + ) was constructed by assuming the kaon mass for the pion tracks. With this background template, a Monte Carlo model simulated the MM X (γp, K + ) for Λ and Σ 0 production in the same {| P |,
A normalization of the background template was obtained by fitting the experimental MM X (γp, K + ) data in the mass range of 1.0-1.26 GeV/c 2 . The corresponding ranges of | P |, E γ , and cos θ K + c.m. kinematic variables are 0-3 GeV/c, 1.5-3.0 GeV and 0.6-1.0, respectively. After fixing the normalization in each bin, we summed up the background template over all the track momentum (| P |) bins to obtain the combined background template in each {E γ , cos θ K + c.m. } bin. The yields of the K + Λ and K + Σ 0 production were extracted using another new fit of the missing mass spectrum, with two Gaussian distributions having constant peaks at standard PDG masses and free widths for the signals, and the combined background template. Figure 1 shows that the missing mass spectrum around the signal region of the K + Λ and K + Σ 0 events is well described using two Gaussian distributions of signal (green dotted line for K + Λ and blue one for K + Σ 0 ) and a background template from the side-band of the kaon mass regions (purple dotted line). The broad bump structure in the background under the Λ and Σ 0 peaks is caused by the misidentification of π + in the γp → π + ∆ 0 reaction. Another possible background source is the photoproduction of φ mesons and their charged kaon decays. The missing mass distribution of φ production is expected to appear above 1.5 GeV/c 2 in Fig. 1 . Therefore it does not constitute a background in the signal region of interest for the Λ and Σ 0 productions.
In each kinematic bin of E γ and cos θ K + c.m. , the cross sections for K + Λ and K + Σ 0 photoproduction were evaluated using the measured yields, the integrated photon flux from the tagger, the liquid target density, correction factors for the K + detection, and the photon tagging inefficiencies. The K + detection efficiency was estimated based on Monte Carlo simulations by assuming a uniform production of K + Λ and
. The acceptance of the LEPS spectrometer was simulated using the GEANT software. The simulated peak widths for the missing mass of K + on Λ and Σ 0 were in good agreement with those shown in Fig. 1 .
The systematic uncertainty was estimated by a variation of the background template. Since there were impurities of e + and K + particles in the selected π + region used for the background template, we observed a dependence of the background template on different choices of the selected π + region as well as the momentum binning. The variation range of results, corresponding to the changes on the above two factors, was assigned as the major systematic uncertainty. There were additional systematic uncertainties due to the photonbeam flux and the target length which were estimated to be 3% and 1%, respectively.
Using both event yields with the vertically (V) and horizontally (H) polarized photon beams, the photon-beam asymmetry (Σ γ ) of K + Λ and K + Σ 0 photoproduction is given as follows:
where P γ stands for the polarization degree of the photon beams and φ K + denotes the azimuthal production angle of detected K + with respect to the horizontal plane in the laboratory system. The N V and N H are the individual hyperon production yields from the vertically and horizontally polarized photon beams, and n is the normalization factor defined by the photon flux ratio of two polarization directions (n = n γ H /n γ V ), which is 1.014 for this study. Figure 2 shows the ratio (nN V − N H )/(nN V + N H ) as a function of φ K + for the K + Λ and K + Σ 0 channels at E γ = 2.7 GeV and cos θ K + c.m. = 0.9. The ratios are largest at φ K + = 0
• , 180
• , and 360
• , and smallest at φ K + = 90
• and 270
• for both the channels. This means that K + mesons prefer to scatter at φ K + angles perpendicular to the polarization plane, suggesting positive photon-beam asymmetries. The lines overlaid are the best fit of a cos(2φ K + ) modulation.
III. RESULTS

A. Differential cross sections
The differential cross sections for the K + Λ and K + Σ 0 reactions as a function of photon-beam energy E γ in the range of 0.6 < cos θ Within E γ = 1.5-3.0 GeV, the differential cross sections for the K + Λ channel decrease monotonically with the beam energy in all four bins of 0.6 < cos θ K + c.m. < 1.0. No distinct narrow resonance structure is observed. In contrast, the previous LEPS analysis [10] suggests the observation of a small bump structure around E γ = 1.5-1.6 GeV ( √ s = 1.92-1.97 GeV). In this analysis, the larger photon energy bin size prevents us from identifying the structure. The cross sections for the K + Λ channel are larger than those for the K + Σ 0 channel. The cross sections for the K + Σ 0 channel also show a decreasing trend with the beam energy whereas its energy dependence is relatively mild compared to the K + Λ channel. The mild energy dependence for the K + Σ 0 channel is consistent with non-negligible s-channel contributions. Although there is no distinct narrow resonance structure in the K + Σ 0 cross sections, some resonance-like structures are seen at E γ ∼ 1.8 GeV and 2.8 GeV ( √ s ∼ 2.06 GeV and 2.47 GeV) at 0.7 < cos θ Considering the overall errors, the current results agree with previous measurements in overlapping kinematic regions. For the two sets of CLAS data [13] [14] [15] , the CLAS 2010 set agrees better with our results in the K + Λ channel, while there is better agreement with the CLAS 2006 set in the K + Σ 0 channel. There are qualitative differences in the t dependence of the differential cross sections for K + Λ and K + Σ 0 at forward angles. At low energies, the production of K + Λ shows a clear increase toward t = t min . Above E γ > 2.2 GeV, the presence of a plateau with a close-to-zero slope near t = t min is observed for the K + Λ channel. This observation is consistent with the measurements at E γ = 5 GeV [5] . There even appeared a decrease of the cross sections toward t = t min for E γ = 8, 11 and 16 GeV [5] . As for the K + Σ 0 production, the overall t dependence is roughly flat for E γ < 1.7 GeV. A plateau structure near t = t min with a finite negative slope beyond |t − t min | < 0.3 GeV 2 appears in E γ = 1.7-2.7 GeV. Going beyond E γ > 2.7 GeV, the t dependence of the differential cross sections nears a monotonic increase toward t = t min .
In Ref. [29] , the main contributions to K + Λ production for E γ > 5 GeV are described by the Reggeized K * exchange in the t channel, and the differential cross sections have an exponential t dependence but decrease quickly to zero at t = t min . The plateau near t = t min in the differential cross sections at E γ = 5 GeV was interpreted as due to the contributions of a Reggeized s-channel diagram, which is necessitated by gauge invariance and required only for K exchange. Beyond the very forward region at |t − t min | ≈ m 2 K , i.e., 0.25 GeV 2 , K * exchange gives the main contribution to the cross sections. The lack of a similar plateau feature in K + Σ 0 production is because of a relatively minor contribution of K exchange arising from a weak coupling among K, Σ 0 , and nucleons [29] . The model of contributions of a Reggeized s-channel diagram for K exchange at the region of |t − t min | ≈ m 2 K provides a reasonable qualitative description of what we observe in hyperon production at E γ = 1.5-3.0 GeV. In K + Λ production, we see the same plateau in the t dependence of the differential cross sections for E γ > 2.2 GeV. As the energy decreases, the contributions of K exchange, characterized by an increase of cross section toward t = t min , become more important [10] . In the framework of a Regge model, the energy dependence of the differential cross sections at t = t min scales as s 2α0−2 where α 0 is the intercept of the Regge trajectory at t = 0 [29] . The smallness of α 0 of the K Regge trajectory, compared with that of K * , would lead to an increasingly strong contribution from the t-channel K exchange toward low energies. This expectation indeed agrees with what is observed.
For K + Σ 0 production, the contributions of K exchange are negligible overall and thus we do not observe a similar rise toward t = t min at low energies. Instead, the relatively flat t dependence reflects the importance of s-channel nucleon resonance contributions in this channel. This can be understood because only the intermediate nucleon resonances with isospin I = 1/2 are allowed for K + Λ production, while both I = 1/2 and 3/2 resonances could work for the case of K + Σ 0 . As for a comparison with theoretical models in the K + Λ channel, the RPR model describes the forward peaking rather well, except that there exists some quantitative deviation from the data for E γ > 2.1 GeV. In the region of |t − t min | > 0.2 GeV 2 , the BG model describes the data slightly better than RPR. But the predictions of the BG model fail to reproduce the increase at the most forward angle bin for higher energies.
In the K + Σ 0 channel, the contribution of resonances is important for E γ < 2.2 GeV as seen from the difference between the predictions of RPR and RPR-Regge models. Both RPR and BG models fail to describe the appearance of forward peaking in the region of |t − t min | < 0.3 GeV 2 for E γ > 2.7 GeV. This brings up the need for improving the description of Regge trajectories for t-channel contributions in this energy regime. Figure 6 shows the photon-beam asymmetries for the K + Λ and K + Σ 0 channels as a function of E γ for E γ > 1.8 GeV in three bins of production angle 0.6 < cos θ 2 at E γ = 1.9 GeV to ∼0.5-0.6 at E γ = 2.9 GeV. In both channels, a saturation of the photon-beam asymmetries at E γ = 2.9 GeV in the production angle 0.75 < cos θ K + c.m. < 1.0 is observed. In Fig. 7 , we plot the photon-beam asymmetries in the whole region of 0.6 < cos θ K + c.m. < 1.0 together with previous results at slightly lower energies [45] . An increase of the photon-beam asymmetry with beam energy is more clearly illustrated.
B. Photon-beam asymmetry
Assuming t-channel dominance, based on the observed forward-peaking feature in the differential cross sections, positive values of the photon-beam asymmetry suggest the dominance of natural-parity exchange of K * compared with unnatural-parity exchange of K in the t channel toward large E γ . Large photon-beam asymmetries are also observed at E γ = 16 GeV by SLAC [6] . Furthermore the photon-beam asymmetries for K + Σ 0 production are slightly larger than those for K + Λ production at E γ > 2.4 GeV. This indicates a relatively weaker strength of unnatural-parity K exchange in K + Σ 0 production. These interpretations are consistent with what we observe in the t dependence of the differential cross sections in Sec. III A.
For the photon-beam asymmetry of K + Λ production below E γ = 2.1 GeV and K + Σ 0 production below E γ = 2.4 GeV in Fig. 6 , the inclusion of contributions from nucleon resonances in the s channel is crucial, judging from differences between data and the predictions from Regge trajectories only (RPR-Regge). This feature is also found in a comparison of the production cross sections. For K + Λ production above E γ = 2.1 GeV, all predictions from RPR, RPR-Regge, and BG converge at cos θ For K + Σ 0 production, the RPR model with no significant nucleon contributions overestimates the photon-beam asymmetries at E γ > 2.3 GeV for all three angular bins, while the BG model gives a very good description of the photon-beam asymmetries over the whole region. It is noted that nucleon resonances with spin J larger than 3/2 are not included in the RPR model [36] but they are taken into account in the BG model [33] [34] [35] . This difference of including higher-spin resonances might account for the better prediction of photon-beam asymmetries in the BG model.
In Fig. 8 , the photon-beam asymmetry results for K + Λ and K + Σ 0 as a function of cos θ K + c.m. are shown in six E γ bins together with the previous results from LEPS [10] and the theoretical predictions. The agreement with previous measurements is reasonably good. Across all energy bins of E γ from 1.8 to 3.0 GeV, the photon-beam asymmetries for the K + Σ 0 channel at the forward angles of 0.6 < cos θ K + c.m. < 1.0 show a decrease toward zero. Such a decrease could reflect an increasing contribution of unnatural-parity K exchange at smaller production angles, besides the trivial kinematic effect of a vanishing photon-beam asymmetry at zero degrees. For E γ < 2.4 GeV, both RPR and BG models describe the data well and the BG model clearly does a better job in describing the photon-beam asymmetries of K + Σ 0 channel for E γ > 2.4 GeV.
IV. SUMMARY
In summary, we performed a measurement of differential cross sections and photon-beam asymmetries for the reactions γp → K + Λ and K + Σ 0 . The measured photon energy range of the results is 1.5-3.0 GeV, with a very forward angular cov- The production cross sections decrease slowly with increasing photon beam energy E γ . There is no observation of distinct narrow structures in the energy dependence of either reaction. For K + Λ production, there is a clear forward-peaking feature in the angular distributions toward large E γ , consistent with t-channel dominance for diffractive production at higher energies. The K + Σ 0 channel shows less energy and angular dependence, compared to K + Λ. This might reflect that s-channel contributions from nucleon resonances are more effective in the production of K + Σ 0 . Based on the Reggeized tchannel framework, the results of cross sections near t = t min provide evidence of the existence of K exchange in K + Λ production at low energies.
The photon-beam asymmetries for both K + Λ and K + Σ 0 channels are all positive. This suggests a dominating naturalparity exchange of K * in the t channel. At E γ > 2.4 GeV, the results deviate from the predictions of the t-channel Regge trajectories only. The BG model including higher-spin nucleon resonances describes nicely the photon-beam asymmetries for the K + Σ 0 channel up to E γ = 2.8 GeV. All these observations strongly suggest the existence of nucleon resonance contributions at E γ = 2.4-3.0 GeV.
A comparison with theoretical predictions from both RPR and BG models indicates that there is room for improvement of the theoretical modeling of Regge trajectories in the t channel as well as the contributions from the nucleon resonances.
With the constraints of these new data of hyperon Λ and Σ 0 photoproduction at very forward angles for few-GeV photons, we look forward to the progress in theoretical modeling that will be made shortly.
